We perform spin-polarized two-dimensional angular correlation of annihilation radiation (2D-ACAR) calculations for the recently predicted ZrCo 2 Sn-Weyl Heusler compound within the density functional theory using the generalized gradient approximation (GGA) and its extension GGA+U.
I. INTRODUCTION
Recently, Weyl fermions have been predicted in the ferromagnetic full Heusler ZrCo 2 Sn 1 .
The band structure calculations (within GGA+U) show a half-metallic ferromagnetic behavior of this compound, with a magnetic moment of 2µ B , in agreement with the Slater-Pauling rule. Half-metals are characterized by a metallic electronic structure for one spin channel, whereas for the opposite spin direction the Fermi level is situated within an energy gap 2,3 .
The time-reversal symmetry is broken in these systems, therefore from the magnetic point of view these could be either ferro-or ferrimagnets with perfect spin-polarization at the Fermi level. Using the electronic structure calculations Wang et al. [1] found that the easy axis is oriented along the [110] direction which was also confirmed by experimental measurements. Along this axis two Weyl points related to the inversion symmetry have been found. When alloyed with Nb, the spin-up Weyl points shift closer to the Fermi level 1 and consequently transport, spectroscopic properties such as the chiral anomaly, and unusual magnetoresistance are expected to occur in this compound.
The angular correlation of annihilation radiation (ACAR) is a specific technique within
Positron Annihilation Spectroscopy (PAS) which allows to study the momentum density of electrons in solids in particular Fermi surfaces of metals and alloys. The behavior of positrons in condensed matter has been subject to an intense theoretical and experimental investigation and the use of positrons to probe electronic structure is well documented and reviewed 4, 5 . Two main categories of PAS in solids are currently available: (i) bulk studies using fast positrons from radioactive β + sources 6,7 and (ii) surface and near surface studies with variable energy positron beams 8, 9 . As measurements of the two-dimensional angular correlation of annihilation radiation (2D-ACAR) captures both low-and high-momentum components of the electronic states, it can provide useful information about the Dirac / Weyl states. It was recently shown in a combined experimental and theoretical study of the topological insulator Bi 2 Te 2 Se, that a bound positron state exists at its surface and that the theoretical calculation confirms the experiment, showing a significant overlap between the positron and the topological state 10 . That demonstrates that besides the angle-resolved photoemission spectroscopy and scanning tunneling spectroscopy, positron annihilation spectroscopy provides an equal highly surface sensitive probe for the topological states of matter.
In this paper we study the spectral function around the Fermi level for the ZrCo 15 . Additionally, the on-site Coulomb interaction from the localized 3d electrons of Co has been accounted for by the GGA+U method 16 using U = 3.0 eV for the on-site Coulomb interaction and J = 0.9 eV for the Hund exchange interaction in agreement with Wang et al. [1] . The local Coulomb interaction in the valence Co 3d orbitals were included via an on-site electron-electron interaction in the form:
The spectral function with or without the spin-orbit coupling was already discussed by Wang et al. [1] . Similarly to results presented in Ref. [1] The energy difference amounts to about 4.5 · 10 −4 Ry.
B. Positron annihilation spectroscopy
2D-ACAR is a powerful tool to investigate the bulk electronic structure 
The sum runs over all states k in all bands j with the occupation n j (k). The so-called enhancement factor γ(x) 22 , takes into account the electron positron correlation. The 2D-ACAR spectrum N (p x , p y ), the quantity which is actually accessible by an experiment, is a 2D projection of the 3D momentum-density distribution ρ 2γ (p) along a chosen (p z ) axis.
The 2D-ACAR spectra possess certain symmetries depending on the projection direction. 
The radial average C(p x , p y ) ≡ C( p 2 x + p 2 y ) is constructed from the original spectrum N (p x , p y ) averaging over all data points in equidistant intervals [p r , p r + ∆p r ) from the center.
The DFT can be generalized to electron-positron systems by including the positron density, in the form of the two-component DFT 24, 25 . In the present calculations the electronpositron correlations are taken into account by a multiplicative (enhancement) factor, resulting from the electron-positron interaction included in the form of an effective one-particle potential as formulated in DFT by Boronski and Nieminen 24 .
In the LDA(+U) framework the electron-positron momentum density ρ σ (p) is computed directly from the two-particle Green function in the momentum representation [26] [27] [28] . The neglect of electron-positron correlations corresponds to the factorization of the two-particle
Green function in real space. In the numerical implementation the position-space integrals for the "auxiliary" Green function G σσ (p e , p p ) obtained within LDA or LDA+U, respectively, are performed as integrals over unit cells:
Here X = LDA or LDA+U, and (p e , σ), and (p p , σ ) are the momenta and spin of electron and positron, respectively. G X σσ is computed for each energy point on a complex energy contour, providing the electron-positron momentum density:
In Eq. 4 integration over positron energies E p is not required, since only the ground state is considered, and enters as a parameter. Moreover in this formalism the positron is considered to be thermalized and described by a state with p p = 0 with s-type symmetry, at the bottom of the positronic band. In addition σ = −σ at the annihilation. The momentum carried off by the photons is equal to that of the two particles up to a reciprocal lattice vector, reflecting the fact that the annihilation takes place in a crystal. Hence an electron with wave vector k contributes to ρ X σ (p) not only at p = k (normal process) but also at p = k + K, with K a vector of the reciprocal lattice (Umklapp process). The corresponding 2D-ACAR spectrum is computed according to Eq. (2).
C. Signatures of Weyl points in the 2D-ACAR spectra
Information concerning the Fermi surface geometry can be obtained by projecting ρ Along the diagonal in the (p x , p y )-plane, the light green area, the momentum density ρ σ (p) has a reduced intensity. In Eq. (4) integration is performed until the Fermi level. As the position of the Weyl point is situated above E F the energy range [E F , E F +0.6eV ] falls out of the integration range. We have checked that the linear dimension of the light green region, along the diagonal corresponds to the opening along the Γ − K direction and extending the upper limit of the energy integration towards the Weyl point at E F + 0.6eV increases the weight along the K − Γ direction. We believe that this constitute an indirect indication of the existence of the Weyl points situated above E F .
In Fig. 2 we compare the LCW back-folding of the momentum density with the backfolded anisotropy spectra. One observes that for the the majority spins, radial average C(p x , p y ) removes the spectral weight along the direction connecting X, W points, and sup- press completely the high intensities in these points. At the same time the intensity at the Γ point is enhanced. No significant change takes place for the minority electrons (not shown).
The intensity around the projection of the L point into the (p x , p y )-plane is slightly reduced.
The analysis of the dispersion along the nodal line has been presented in Ref. On the left part of Fig. 3 we present the spectral function for the disordered alloy. By The complex coherent potential contributes by smearing out the Green's function and consequently the features in momentum space. By construction the coherent potential is local (no momentum dependence), therefore it's smearing is isotropic. By back-folding the anisotropy spectra we eliminate this effect. The anisotropy is computed according to Eq. 3 and is seen on the right hand side of Fig. 3 . As expected, moving the Weyl point towards E F , leads to a depletion of momentum density. However the 2D-ACAR spectra does not allow for a more quantitative analysis, a more detailed discussion is presented below. In all results, a relatively large smearing at the Fermi surface in the angular correlation curve is obtained, which hinder the quantitative evaluation for the position of the Weylpoints. The current qualitative analysis can not totally attribute this difficulties to positron wave function effects, an additional important effect that is not considered here is the direct electron-positron Coulomb interaction. Early calculations [37] [38] [39] , taking the Coulomb interactions into consideration in the simplified picture of the electron gas were able to explain the small deviations for p < p F . However the theoretical results 37-39 for momenta beyond p F , fail to explain measured features, because the cancellation effects among the diagrams in perturbation expansion in the electron-positron interaction. Therefore, to resolve the Weyl features occurring above E F an approach beyond the perturbative analysis 37-39 is required.
However, the current DFT, GGA(+U) calculations limit themselves to the independent particle model, which may well be the reason why the Weyl points are not resolved in the momentum density spectra. In recent studies we partly include dynamical Coulomb interactions effects upon the 2D-ACAR spectra at least for the electronic subsystem 6, 40 
